We examined the structure and extent of genetic diversity in intrahost populations of Ross River virus (RRV) in samples from six human patients, focusing on the nonstructural (nsP3) and structural (E2) protein genes. Strikingly, although the samples were collected from contrasting ecological settings 3,000 kilometers apart in Australia, we observed multiple viral lineages in four of the six individuals, which is indicative of widespread mixed infections. In addition, a comparison with previously published RRV sequences revealed that these distinct lineages have been in circulation for at least 5 years, and we were able to document their long-term persistence over extensive geographical distances.
Old world alphaviruses (e.g., Chikungunya, O'nyong-nyong, and Ross River) cause fever, rash, and arthritis in humans and are associated with infrequent, but major, outbreaks of disease (5) . Ross River virus (RRV) infects more than 20 vertebrate hosts, causing clinical disease in humans and horses, and has been recovered from more than 20 mosquito species (18) . Since the ability to generate genetic diversity (20) enables RNA viruses to rapidly exploit new ecological niches, including new host species, and may be a key determinant of virulence (9, 14) , it is clearly of central importance to determine the extent and structure of genetic diversity in human pathogens such as RRV. In particular, it is important to determine what proportion of intrahost genetic variation is created de novo by mutation and what might be due to mixed infections of individual hosts with phylogenetically diverse lineages. To date, measures of genetic diversity in alphaviruses, including RRV, have relied on comparisons of population consensus sequences, often of isolates and occasionally from pools of mosquitoes that may contain more than one infected insect (16) . There is only one report of an attempt to quantify genetic diversity in alphaviruses within individual hosts (26) , and that study was constrained by the technology of the time (T1 nuclease fingerprinting) (6) and by the use of isolates that had been passaged in vitro rather than taken directly from host tissues.
In this study, we compared patterns of genetic diversity in both structural (E2) and nonstructural (nsP3) protein genes in intrahost populations of RRV in serum. The samples were taken from epidemic polyarthritis patients from various ecological settings thousands of kilometers apart in eastern and western Australia (Table 1 ). The nsP3 protein forms part of the complex of alphaviral nonstructural proteins that replicate the viral genome (21) . However, the C-terminal region of this protein is hypervariable, even within serotypes of alphaviruses (1, 13) . The E2 protein attaches to receptors on host cells and contains most of the epitopes that are involved in neutralization by antibodies (12) . While nsP3 and the other nonstructural proteins are translated directly from the viral genome, the structural proteins, including E2, are translated from subgenomic 26S RNA that is synthetized in infected cells (21) .
Viral RNA was copied, amplified, cloned, and sequenced as described previously (2) , except that RNA was extracted from isolates using a QIAamp viral minikit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and RRV oligonucleotide primers (1, 10) were substituted for those used previously with dengue virus (DENV). This approach utilized Expand polymerase (Roche), which is a mixture of Taq polymerase and the high-fidelity Tgo polymerase. Plasmids were linearized with 10 U of SacII (New England BioLabs) overnight at 37°C before being purified (MinElute PCR purification kit; Qiagen), and inserts were sequenced at the Australian Genome Research Facility. The E2 and nsP3 genes of RRV were sequenced from the intrahost populations in the order PW7, PW14, SN39, PW11, SN11, and SN85 (PW7, PW14, etc., denote individual patients).
The nucleotide sequences of the majority of clones derived from both the E2 and nsP3 genes differed from their respective consensus sequences, with pairwise diversity values ranging from 0.08 to 0.72% ( Table 2 ). As RRV PW7I, which was isolated from serum by culture on C6/36 Aedes albopictus cells, was consistently less diverse than the population in the serum from which it was derived (PW7S), no further analyses were performed with the isolates. Genetic diversity was significantly greater in nsP3 than in E2 from three of the six individuals, as was overall nucleotide diversity (P Ͻ 0.01, 2 test). The overall error frequencies in these data were 17 ϫ 10 Ϫ4 and 27 ϫ 10
Ϫ4
mutations per site for E2 and nsP3 genes, respectively (Table  2) . Although these estimates inevitably contain some amplification-induced errors (3, 19) , particularly those mutations that were observed only once in each sample, they are similar to those obtained from intrahost populations of other mosquitoborne RNA viruses that cause acute infections, such as the dengue and West Nile viruses (2, 8, 25) . Finally, although the values of the ratio of nonsynonymous-to-synonymous nucleotide substitutions per site (d N /d S ) varied between both genes and individuals (Table 2) , there was no evidence of positive selection in any instance. This was expected, given the short duration of viremia in RRV patients (less than 10 days [17] ), and hence the limited time for allele fixation to occur, such that we were considering transient mutations rather than fixed substitutions. Indeed, that the intrahost d N /d S values (mean of 0.78) were consistently higher than those observed at the epidemiological scale (mean of 0.25 [10] ) is consistent with the presence of a high frequency of transient deleterious mutations that have yet to be removed by purifying selection, as has been observed with other studies of intrahost viral diversity (7). Highly polymorphic sites were distributed throughout the nsP3 and E2 genes/proteins (Fig. 1) . All nsP3 genes contained the recently described duplicated RNA element in the 3Ј region (1, 10), which suggests that this change has successfully penetrated all members of RRV lineage 3. An nsP3 clone from SN85 had a nucleotide change that converted codon 546 from an OPAL stop codon (UGA) to arginine (CGA), confirming an earlier, unpublished observation that this site was polymorphic in RRV recovered from an epidemic polyarthritis patient. Previous studies of a related arthrogenic alphavirus, O'nyongnyong, identified a similar polymorphism in the nsP3 gene but attributed it to passage in vitro in vertebrate cells (11) . Given that all previous assignments of an OPAL codon at this position have been based on consensus sequences and rarely involved viruses studied in tissues from natural hosts, it is possible that all alphaviruses may be polymorphic at this site and that the ratio of OPAL-to-arginine codons varies with the host and or host tissue. With respect to E2, several single-nucleotide polymorphisms gave rise to significant changes. Specifically, that at nucleotide (nt) 706 in a clone from SN85 gave rise to a stop codon, and that at nt 790 in clones from PW11 and SN85 generated a threonine-alanine substitution at E2-264, which would have disrupted a glycosylation motif at this position (1). One of the four most polymorphic sites in E2 (Fig. 1) , that at E2-275, occurred in a region of significant E2-E1 intraspike contact in alphaviruses (23) . All amino acid substitutions in known serological epitopes (24) were conservative. The lack of variation in serological epitopes in the E2 protein, which is a major target for neutralizing antibodies, bodes well for the efficacy of an RRV vaccine currently in clinical trials.
The most striking observation from this study was that both the E2 and nsP3 genes contained at least two phylogenetically distinct and well-supported lineages that were found in different patients (Fig. 2) . Specifically, a maximum likelihood phylogenetic tree estimated using the PAUP* program (22) (parameter values were determined using ModelTest [15] and are available from the authors on request) revealed that although all the sampled viruses could be classified within lineage 3 of RRV (10), each of three of the individuals with the E2 gene (PW11, SN39, and SN85) and two of the individuals with the nsP3 gene (SN11 and SN85) had two divergent viral lineages, indicative of mixed infections. Although individual SN85 was the only one to harbor phylogenetically distinct lineages in both E2 and nsP3, comparison of the E2 and nsP3 phylogenies was complicated by the relatively small number of samples from each patient and the lack of phylogenetic resolution in parts of the nsP3 tree. Importantly, however, because each lineage is defined by multiple mutations, their presence cannot be explained by experimental error, such as that occurring with RT-PCR and sequencing. Equally striking was that isolate QML1, from a sample taken from an individual in eastern Australia in 2004 (10), fell within the bounds of genetic diversity of the viruses sampled here in 2009, particularly that from individual SN85. Such a phylogenetic pattern indicates that multiple viral lineages have cocirculated (beneath the consensus) within RRV-infected humans for at least 5 years (i.e., they must have diverged prior to the isolation of QML1 in 2004) and perhaps for considerably longer. In addition, these lineages have spread extensively across Australia, as shown by the presence of the two distinct lineages in patients PW11 and SN39, from whom samples were taken almost 3,000 kilometers apart.
While there is growing evidence for mixed infections with RNA viruses that cause acute, self-limiting infections, such as eastern equine encephalomyelitis virus (26) and influenza (4), we know of no other case in which multiple viral populations have been transmitted among individuals for the extended time period documented here. In addition, although the fitness correlates, if any, of these distinct viral lineages are unknown, their persistence in time and space indicates that the population bottlenecks that occur at interhost virus transmission may not be especially narrow.
